ABSTRACT: Research evaluating the changes in nerve conduction with time has been limited to cross-sectional studies. We present a cohort study estimating how sensory nerve conduction study (NCS) parameters change with time when subjects are measured at two time-points. We evaluated 440 working adults by performing median and ulnar antidromic sensory NCS of both hands on two occasions, about 5.4 years (range, 4.3-7.0 years) apart. The rate of change in the NCS parameters was estimated using a mixedmodels analysis controlling for each hand, gender, age, and body mass index (BMI). After controlling for gender, age, height, and BMI, the amplitudes of the median sensory nerve action potentials (SNAP) decreased by about 2.3 V, peak latencies increased by 0.11 ms, onset latencies increased by 0.07 ms, and conduction velocities decreased by 1.1 m/s over 5 years. Corresponding values for the ulnar nerve were 1.75 V, 0.06 ms, 0.04 ms, and 0.71 m/s, respectively. The findings are consistent with the findings of previous cross-sectional studies. The rate of change over time was not affected by hand (dominant versus nondominant hand), gender, age, or BMI at baseline. The rate of change seen with some of the median nerve parameters was significantly greater than that with the ulnar nerve. It is widely accepted that nerve conduction study (NCS) parameters change with age. As a result, many electrodiagnostic laboratories have tables of normative values that are divided by age groups. The concept suggests that normal nerve functioning in a normal individual changes with aging. Many studies have attempted to quantify how NCS values change with age. Several studies have shown an association between age and decreased sensory conduction velocity in normal individuals, 5, 7, 8, 11, 13, 15, 19, 23 and an association between aging and motor conduction velocity has also been reported. 5, 6, 8, 9, 11, 13, 19 However, all the studies used cross-sectional data gathered from subjects of different ages to infer how the NCS parameters change with aging. A cross-sectional study design can suggest that nerve conduction parameters change with aging, but a prospective study of subjects at two different time points would be better able to determine whether NCS parameters change with time and to quantify such change. The primary purpose of this study was to evaluate how sensory NCS parameters change with aging in a prospective cohort. The secondary purpose was to determine whether any changes with aging are affected by the initial age of the subject. Finally, we sought to determine whether other factors, such as hand dominance, gender, age, and body mass index (BMI) affect NCS parameter changes with time.
It is widely accepted that nerve conduction study (NCS) parameters change with age. As a result, many electrodiagnostic laboratories have tables of normative values that are divided by age groups. The concept suggests that normal nerve functioning in a normal individual changes with aging. Many studies have attempted to quantify how NCS values change with age. Several studies have shown an association between age and decreased sensory conduction velocity in normal individuals, 5, 7, 8, 11, 13, 15, 19, 23 and an association between aging and motor conduction velocity has also been reported. 5, 6, 8, 9, 11, 13, 19 However, all the studies used cross-sectional data gathered from subjects of different ages to infer how the NCS parameters change with aging. A cross-sectional study design can suggest that nerve conduction parameters change with aging, but a prospective study of subjects at two different time points would be better able to determine whether NCS parameters change with time and to quantify such change.
The primary purpose of this study was to evaluate how sensory NCS parameters change with aging in a prospective cohort. The secondary purpose was to determine whether any changes with aging are affected by the initial age of the subject. Finally, we sought to determine whether other factors, such as hand dominance, gender, age, and body mass index (BMI) affect NCS parameter changes with time.
Methodology. In this study we used data collected for a previous study evaluating the prevalence of carpal tunnel syndrome. 24 Nerve conduction studies were initially collected from 1000 workers from seven work sites, representing a variety of manufacturing and office environments, between June 1993 and September 1997. The protocol included bilat-eral electrodiagnostic testing of distal sensory responses at the wrist, self-administered questionnaires, and anthropometric measurements. Examiners were masked to data collected in other parts of the evaluation. From the initial group, 501 subjects (1002 arms) were then evaluated with the same protocol 4 -7 years later. Subjects were asked about demographic data (height, weight, age, gender) and whether they had diabetes mellitus, thyroid disease, or rheumatoid arthritis. The BMI was calculated as weight (in kilograms) divided by height (in meters) squared.
Prior to the electrodiagnostic evaluation, midpalm temperatures were recorded and, if necessary, the hand was warmed to at least 32°C. The median sensory and ulnar sensory conduction studies involved recording with standard ring recording electrodes at digits II and V, respectively, with an interelectrode distance of 3 cm. Antidromic stimulation was applied at the wrist 14 cm proximal to the active recording electrode. The latency to both the initial deflection (onset latency) and negative peak (peak latency) as well as the baseline-to-peak amplitude were recorded in accordance with the guidelines outlined by the American Association of Electrodiagnostic Medicine. 2 The distal latencies and conduction velocities for the sensory responses were adjusted to a standard temperature of 32°C. As noted by Denys, 4 temperature is one of the most important factors explaining variation in nerve conduction and is the most frequent cause of false-positive or borderline findings. Even when limb temperature is controlled within an acceptable range, it still affects latency. 15 For every 1°C increase in temperature, latency decreases by 0.3 ms. This is an approximately linear relationship between velocity and temperature from 18°C to 36°C. Onset and peak latencies were adjusted for temperature differences according to the following formula, taking 32°C as the standard skin temperature: latency corrected ϭ latency initial Ϫ 0.3 ms * (32°C Ϫ temperature in°C). Temperature correction was not applied to the amplitude of the sensory nerve action potentials (SNAPs), because studies have shown conflicting data regarding whether skin temperature changes affect SNAP amplitude as well as the magnitude of any effect. 14 Exclusion Criteria. Subjects were excluded if they reported any history of diabetes mellitus or carpal tunnel syndrome during the initial or follow-up testing. Carpal tunnel syndrome was regarded as present when a hand pain drawing was consistent with carpal tunnel syndrome and the median-to-ulnar SNAP peak latency difference was Ն0.8 ms. This cut-off value is based on recently published criteria on the normal difference expected with active workers. 15 Statistical Analysis. To evaluate the change in parameter values with time, a mixed-model linear regression analysis was performed using the following base model using SAS 8.0 (Cary, NC) with proc mixed. 17 The NCS parameter value was the dependent variable. The independent variables were the time point at which data were gathered, gender, height, BMI, hand used, and age at initial evaluation. The NCS parameters collected were as follows: SNAP amplitude, peak latency, onset latency, and sensory conduction velocity for the median and ulnar nerves. The data of the two nerves were kept separate because they may behave differently. Subject was set as the repeated variable. Because the database included measures from each subject at two time points and the results from both hands of each subject were used, the covariate matrix structure was kept unstructured.
To determine whether the subject's age affected the rate of change, an interaction term between time and age was added to the base model. To determine whether any of the other potential predictive factors (i.e., dominant versus nondominant hand, gender, height, and BMI) were related to change over time, an interaction term between the time and the corresponding factor was added to the model. For example, to determine whether the change over time was related to gender, the interaction term "time*gender" was added to the base model.
To determine whether any change over time was nonlinear, a quadratic term for time (time*time) was entered into the model, and to determine whether the change over time was related to subject age nonlinearly, the interaction terms "time*age" and "time*age*age" were added to the model.
RESULTS
Of the 501 potential subjects, 61 subjects were excluded from the analysis because of a diagnosis of diabetes mellitus or carpal tunnel syndrome. Of the remaining 440 subjects, 312 (71.1%) were female, and 391 (89%) were right handed. The average age was 38.4 years at the initial screening (SD, 9.7; range, 19 -63 years), and the average length of follow-up was 5.39 years (SD, 0.9; range, 4.3-7.0 years). The average BMI was 27.8 (SD, 6.4; range, 17-56.6 years). The values for the initial and final median and ulnar sensory responses, adjusted only for temperature, are listed in Table 1 . Table 2 summarizes the changes in the median and ulnar NCS parameters over 5 years adjusted for hand (dominant versus nondominant), age, gender, and BMI. The changes were linearly related to duration of follow-up. The median and ulnar SNAP amplitudes decreased 1.75-2.3 V, peak latencies increased 0.06 -0.11 ms, and onset latency increased 0.043-0.072 ms over 5 years. The conduction velocities decreased by about 0.71-1.1 m/s over this time.
The interaction terms between time and age were not significantly associated with parameter changes over time (all P-values Ͼ 0.1). Thus, the subject's initial age did not significantly affect the rate of change in NCS parameters. The interaction terms between time and each of the other potential predictor variables were not associated with parameter changes over time. Thus, the changes in median and ulnar NCS parameters over time were not affected by the hand tested (dominant versus nondominant hand), gender, age, height, or BMI of the subject.
All the median and ulnar NCS parameters were significantly related to time squared (P-values ranging from Ͻ0.0001 to 0.047) with the exception of the median SNAP peak latency (P ϭ 0.18), the ulnar SNAP amplitude (P ϭ 0.18), and the ulnar SNAP peak latency (P ϭ 0.067). This suggests a nonlinear relationship between the parameters and time.
Post Hoc Analysis. After reviewing the results, it was noted that the estimated median NCS parameter changes were larger than those of the ulnar nerve. A post hoc analysis was performed to determine whether the changes were statistically different. The interaction term "time*nerve" was added to the base model to determine whether the changes over time for the median and ulnar nerves were different. The interaction term was significant for two of the four parameters: it was 0.08 for the amplitude, 0.0016 for the peak latency, 0.037 for the onset latency, and 0.077 for the conduction velocity, indicating that the rate of change of some of the parameters for the median sensory response was greater than for the ulnar sensory response.
DISCUSSION
The relationship between aging and NCS parameter changes has been studied many times, but previous studies were limited by cross-sectional study designs, which could not determine whether the changes noted were more related to aging or to age of subjects. We used data gathered from each subject at two points in time to estimate the expected change in the NCS parameters over time.
Our results show that sensory NCS parameters do change with time. Changes in NCS were primarily related linearly to the duration of follow-up. However, because both time and time-squared were sig- nificantly related to some of the changes in NCS parameters, these may be best represented by a nonlinear relationship, as suggested by Taylor. 21 Because a nonlinear relationship is hard to conceptualize or model, and the betas for the quadratic term were only one tenth the size of those for the linear term, we have presented only betas for the linear relationship. The amount of change noted was small, raising concern that some of the findings may be due to measurement error. In an earlier study, the same examiners tested 158 subjects 3 weeks apart and found good reliability, with an intraclass correlation (ICC) of 0.76 -0.92 for the median sensory response parameters. 16 The ulnar SNAP amplitude also had a fairly good ICC, of 0.68 -0.8, but the ulnar SNAP onset and peak latencies had poor ICCs, of 0.22-0.43. However, even with the poor ICC with the ulnar nerve, we expect that this variability, when averaged among 440 subjects, would approach zero.
There have been three previous cross-sectional studies of the relationship between age and the median sensory conduction velocity. 5, 8, 19 The study by Dorfman and Bosley 5 of 30 normal subjects (15 young and 15 older adults) estimated a decrease of 0.16 m/s per year of age, that by Stetson et al. 19 of 105 normal workers (excluding workers on jobs thought to involve repetitive or forceful hand exertions) estimated a decrease of 0.13 m/s per year, and that by Letz and Gerr 8 of over 4000 veterans estimated a decrease of 0.13m/s per year. We noted a slightly larger decrease in conduction velocity of 0.21 m/s per year of follow-up. It should be noted that their studies represent change per year of age, whereas the current study demonstrates change per year of follow-up. From our baseline data, we were also able to estimate the change in velocity per year of age when all other variables were held constant. The predicted decrease in conduction velocity was 0.14 m/s per year of age, which is similar to the conclusions from the other studies.
Only two previous cross-sectional studies examined the relationship between ulnar sensory conduction velocity and age. A decrease in conduction velocity of 0.099 m/s per year of age 19 and of 0.16 m/s per year of age were reported. 8 We estimated a decrease of 0.14 m/s per year of follow-up. Our baseline data estimates the ulnar sensory conduction velocity to decrease by 0.13 m/s per year of age (95% confidence interval [CI]: Ϫ0.16, Ϫ0.10).
The second purpose of our study was to determine whether the change in electrophysiological parameters over time was affected by the subject's initial age. Our results show that changes in the parameters were primarily related to time of follow-up rather than initial age of the subject. We also attempted to determine whether any other factors affected the electrophysiological parameters over time, but gender, age, BMI, and hand (dominant versus nondominant) did not do so. We had thought that the dominant hand would be exposed to more stress and would therefore exhibit greater changes over time. We had also predicted that age would have an effect because aging is associated with decreased physiological functioning including muscle functioning and regeneration. 3, 18 A study with a longer follow-up time might allow for detection of smaller effect sizes.
The post hoc analysis supported our impression that change occurred at a greater rate in median than in ulnar sensory nerve parameters. However, the current study cannot determine which factors caused the change. The difference may have been due to increased susceptibility of the median nerve to repetitive motion trauma or higher intracarpal canal pressures with contract stress and awkward wrist postures. 10, 20 These findings have not been reported previously. Only two previous cross-sectional studies evaluated both the median and ulnar sensory NCS conduction velocities in the same persons. Stetson et al. 19 noted the median conduction velocity to decrease by 0.13 m/s per year of age (SD, 0.32; n ϭ 105) and the ulnar conduction velocity to decrease by 0.099 m/s per year of age (SD, 0.29; n ϭ 105). Although the trend is similar to our results, an unpaired Student's t-test of the two values shows this is not significant (P-valueϭ 0.46). Because Letz and Gerr 8 did not show standard deviations or standard errors of their parameter estimates, we could not infer whether changes in the median and ulnar nerves were different. The findings of the current study may differ from those of Stetson et al. 19 because we followed active workers, whereas they excluded workers who performed at jobs "requiring repetitive or forceful hand exertions." When interpreting our results, several limitations should be considered. We evaluated only sensory nerves in the arms, so our findings may not be as applicable to nerves in the legs or to motor nerves. The median sensory nerve, which is susceptible to compression at the wrist, may not represent the rate of change expected with other sensory nerves. As the follow-up period was for only 5 years, a longer follow-up period may provide a more accurate estimation of nerve conduction parameter changes over time. Finally, because only healthy subjects were evaluated, our results may not as accurately predict the rate of change in NCS parameters in subjects with diseased nerves (e.g., peripheral neuropathy) or
